Introduction {#sec1-1}
============

Stereotactic body radiation therapy (SBRT) is an emerging radiotherapy procedure. The major feature that separates SBRT from conventional radiation treatment is the delivery of large doses in a few fractions, which results in a high biological effective dose. In order to minimize the normal tissue toxicity, the conformation of high doses to the target and rapid fall-off doses away from the target is critical. The practice of SBRT, therefore, requires a high level of confidence in the accuracy of the entire treatment delivery process.\[[@ref1]\]

For these techniques, flattening filter free (FFF) beam is a better choice with which treatment time can be cut down by a factor of 2 to 4 over conventional flattened beams due to high dose rate capability.\[[@ref2][@ref3][@ref4][@ref5][@ref6]\] Several studies have reported that use of volumetric-modulated arc therapy (VMAT) to treat SBRT cases reduces the treatment time, thus making the SBRT delivery using VMAT faster and more patient-friendly compared to intensity-modulated radiation therapy.\[[@ref7][@ref8][@ref9]\]

Several authors reported on Acuros XB algorithm and its results in VMAT treatments and FFF beam modalities. According to Ojala, the accuracy of this algorithm was 1--2% for the homogeneous and heterogeneous water phantoms, 2% and slightly larger for single points and/or small regions and 3--5% for patient plans.\[[@ref10]\] According to the same author, the Acuros XB calculated dose distributions showed relatively high level of agreement in the light of 3D gamma analysis and DVH comparison against the full Monte Carlo simulation, especially with large peak-to-valleys (PTVs), but, with smaller PTVs, larger discrepancies were found.\[[@ref11]\] Rana *et al*. study on the phantom showed that the results of Acuros XB had better agreement with the measurements, and the difference ranged from −1.7% to 2.8%.\[[@ref12]\]

We have recently commissioned Acuros XB, a new photon dose calculation algorithm in the Eclipse treatment planning system (TPS) (Varian Medical Systems, Palo Alto, USA). The current study was performed to assess the performance of Acuros XB algorithm against anisotropic analytical algorithm (AAA) in all modalities including arc plans, conventional plans in homogeneous and heterogeneous phantoms and also the use of FFF beams in VMAT technique.

Materials and Methods {#sec1-2}
=====================

 {#sec2-1}

### Algorithms {#sec3-1}

In external photon beam radiotherapy, heterogeneities in patients significantly affect dose calculations. Acuros XB algorithm accounts for the effects of these heterogeneities. Acuros XB uses a sophisticated technique for the development of explicit linear Boltzmann transport equation solution method to provide a rapid alternative to Montocarlo simulations, which are known to be time intensive.

The AAA is an analytical photon dose calculation algorithm based on a pencil beam convolution/superposition technique.\[[@ref13]\] AAA source model consists of four components, (1) primary source (2) extra focal source (3) electron contamination and (4) photon scattered from the wedge. As we are not using a wedge in FFF, first three factors can contribute the difference between AAA and Acuros algorithm.

Acuros XB patient transport works with the transport of source model fluence into the patient, calculation of scattered photon fluence in the patient, calculation of scattered electron fluence in the patient and dose calculation. In convolution/superposition algorithms heterogeneities are generally handled as density based corrections applied to dose kernels calculated in water. Acuros XB explicitly models the physical interaction of radiation with matter. For accurate dose calculation, Acuros XB requires not only density, but also the chemical composition of each material. To enable this Eclipse provides Acuros XB material library includes five biologic materials and 16 nonbiologic materials.\[[@ref14]\]

To study the behavior of Acuros XB algorithm for FFF photon beams against AAA when applied to homogeneous and heterogeneous phantoms in conventional and RapidArc techniques, we have used four phantoms.

### Phantoms {#sec3-2}

Phantom-1 (Catphan phantom 504)

One of the phantoms used for this study is Catphan 504 phantom (The Phantom Laboratory, Greenwich, NY, USA). The criteria for selecting this phantom \[[Figure 1](#F1){ref-type="fig"}\] was that it has a spherical shape with more inhomogeneous with different known densities. Material inserts that were used were air, teflon, acrylic, deldrin, air and teflon rods, polystyrene and low density polyethylene with HU values −920, 643, 765, 282, −944, −40 and −149 respectively.\[[@ref15]\]

![Catphan phantom 504 (phantom 1); CTP 404 module with various inserts](JMP-40-144-g001){#F1}

The Catphan phantom is positioned on the CT-simulator couch by mounting it on the case. Additional weight is required to be placed on the lid to counterweigh the phantom. Position and level of the phantom were adjusted using lasers and mercury level to take 1 mm slice images.

Phantom 2 (virtual homogeneous phantom)

In Eclipse TPS a water phantom of size 30 cm × 30 cm × 30 cm was created using software tools. The relative electron density and HU values were identified as 1 g/cc and 0 HU. All sides of the phantom were closed to check the contour errors for the body. Total volume is homogeneous without any inserts.

Phantom 3 (virtual inhomogeneous phantom)

Virtual inhomogeneous phantom was prepared in Eclipse TPS to study the effect of various inserts on Acuros XB algorithm, having different relative electron densities and HU values. The total size of the phantom (body) was 40 cm x 40 cm x 40 cm with six different kinds of inserts each with 5 cm thick. The HU value and density of the body was equivalent to water. The inserts that were used were water (1.0 g/cc), cork (0.19 g/cc), polymethylmethacrylate (PMMA) (1.19 g/cc), air (0.0012 g/cc), polystyrene (1.05 g/cc), polyvinyl chloride (PVC) (1.38 g/cc) and wood (0.79 g/cc) having thickness of 5 cm each with HU values of 0, -788, 282, -993, 48, 605 and -309, respectively.

Phantom 4 (solid water phantom with chamber insert)

Solid water slabs with density 1.03 g/cc and the total size of 30 cm × 30 cm × 30 cm were taken for this study. The phantom was prepared by combining multiple solid water blocks of size 30 cm x 30 cm having 5 cm and 2 cm thickness each. Another slab of 2 cm thickness with a cavity at the center for the chamber measurements was placed at the center of blocks so that the cavity will be at 10 cm depth from the surface of the phantom. Images with 1 mm slice thickness were acquired for this study in CT-simulator and were exported to the planning system.

### Dose calculations {#sec3-3}

Phantom 1

RapidArc plan with gantry angles from 181 to 179 with field size of 10 cm × 10 cm was planned by prescribing 1 Gy dose at iso-center on Catphan phantom 504. Calculations were done by both algorithms, AAA (version 10.0.28) and Acuros XB (version 10.0.28) in Varian Eclipse, using identical beam parameters with 6X FFF and 10X FFF photons from true beam linear accelerator in iso-centric technique.

Phantom 2

Central axis depth dose calculations were performed in virtual homogeneous phantom. Computations were done by both algorithms with 100 cm source to surface distance, and with field sizes of 1 cm × 1 cm-30 cm × 30 cm for 100 monitor units. Data were taken at various depths from D~max~ to 30 cm for both 6X FFF and 10X FFF energies.

Phantom 3

Central axis depth doses calculations were performed in virtual inhomogeneous phantom \[[Figure 2](#F2){ref-type="fig"}\]. Computations were done by both algorithms with SSD = 100 cm, monitor units = 100 for filed size 30 cm x 30 cm. Dose comparison was done at various points located below the inserts to study the behavior of algorithm with respect to material inserts in both FFF energies.

![Virtual inhomogeneous phantom (phantom 3) with water (1.0 g/cc), cork (0.19 g/cc), polymethylmethacrylate (1.19 g/cc), air (0.0012 g/cc), polystyrene (1.05 g/cc), polyvinyl chloride (1.38 g/cc) and wood (0.79 g/cc) inserts](JMP-40-144-g002){#F2}

Phantom 4

Single direct SSD fields with size varying from 1 cm x 1 cm to 40 cm x 40 cm were used in this study. Dose at air cavity located at 10 cm depth was analyzed for both 6X FFF and 10X FFF energies in TPS.

In all studies, for Acuros XB, we chose dose-to-medium option to calculate the dose in the phantoms. Dose calculation grid size of 2.5 mm was used for both the Acuros XB and AAA calculations.

Results {#sec1-3}
=======
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### Phantom 1 {#sec3-4}

Eleven types of materials with different densities and HU values were studied in this work. Dose at these inserts were measured in both AAA and Acuros algorithm calculations for both energies in RapidArc technique \[[Figure 3](#F3){ref-type="fig"}\]. The maximum % variation in dose between these two was observed in air insert (−944 HU) and minimum in the acrylic insert (85 HU) in both 6X FFF and 10X FFF photons. Less than 1% variation observed between −149 HU and 282 HU for both energies \[Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}\]. At −40 HU and 765 HU Acuros XB behaved quite differently in both 6X FFF and 10X FFF due to the composition of the material. There is a negligible dose difference in both energies for the insert with 6 HU to 282 HU value and at 765 HU. These results show that dose deposition not only depend on HU value but also on the composition of the material.

![Eleven material densities chosen to analyze the difference in doses between anisotropic analytical algorithm and Acuros algorithms with respect to HU values in 6X and 10X flattening filter free energies](JMP-40-144-g003){#F3}

![Dose difference with Acuros algorithm in different densities from anisotropic analytical algorithm in 6X flattening filter free in Catphan phantom 504](JMP-40-144-g004){#F4}

![Dose difference with Acuros algorithm in different densities from anisotropic analytical algorithm in 10X flattening filter free in Catphan phantom 504](JMP-40-144-g005){#F5}

The maximum (%) of variation in dose observed was 3.1% for 6X FFF and 2.8% for 10X FFF at HU value −944. The resultant numbers of MU were more with Acuros in both energies. In 6X FFF and 10X FFF, the difference is more in 10X FFF. The % difference is calculated using the following equation.

![](JMP-40-144-g006.jpg)

### Phantom 2 {#sec3-5}

In homogeneous phantom study, the maximum dose variation (1.3%) was observed for 20 cm × 20 cm field size and depth 1.5 cm for 6X FFF, for 10X FFF it was at 5 cm × 5 cm field size and 1.7 cm depth \[Figures [6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}\]. In Acuros global maximum dose observed at higher depths for both energies compared to AAA. D~max~ occurs at deeper depths with Acuros XB for all field sizes for 6X and 10X FFF beams except in the case of 1 cm x 1 cm 10X FFF beam \[[Figure 8](#F8){ref-type="fig"}\].

![Dose difference in homogeneous water phantom between Acuros and anisotropic analytical algorithm in different field sizes and depths in 6X flattening filter free](JMP-40-144-g007){#F6}

![Dose difference in homogeneous water phantom between Acuros and anisotropic analytical algorithm in different field sizes and depths in 10X flattening filter free](JMP-40-144-g008){#F7}

![D~max~ with respect to field size for both energies in anisotropic analytical algorithm and Acuros in homogeneous phantom](JMP-40-144-g009){#F8}

### Phantom 3 {#sec3-6}

Virtual inhomogeneous phantom having different inserts with water (1.0 g/cc), cork (0.19 g/cc), PMMA (1.19 g/cc), air (0.0012 g/cc), polystyrene (1.05 g/cc), PVC (1.38 g/cc) and wood (0.79 g/cc) has shown clearly that the factors like density, HU value, composition of elements are contributing variations in dose distribution between these two algorithms.

In water medium, there is a significant difference between algorithms for both 6X FFF and 10X FFF at lower depths (below 1 cm). At higher depths (more than 35 cm) there is a negligible dose difference. The maximum dose variation was observed in the air followed by PMMA and polystyrene. This study matches the results with the phantom 1 study. The variation was observed negligible in water at higher depths \[Figures [9](#F9){ref-type="fig"} and [10](#F10){ref-type="fig"}\].

![Acuros XB (dose-to-medium) and anisotropic analytical algorithm depth dose curves for a 30 cm × 30 cm 6X flattening filter free beam on a heterogeneity phantom](JMP-40-144-g010){#F9}

![Acuros XB (dose-to-medium) and anisotropic analytical algorithm depth dose curves for a 30 cm × 30 cm 10X flattening filter free beam on a heterogeneity phantom](JMP-40-144-g011){#F10}

At depths 0.1 cm--1.0 cm in water the variations between AAA and Acuros were very high. These variations proportionately decrease as depth increases in both 6X FFF and 10X FFF. The maximum % of the variation observed was 11.96% at 0.5 cm depth, which came down to 1% at 2 cm depth in 6X FFF. Whereas in 10X FFF the maximum difference observed was 3.14% at 0.6 cm depth which came down to 1.11% at 2 cm in 10X FFF \[[Figure 11](#F11){ref-type="fig"}\].

![Dose difference between anisotropic analytical algorithm and Acuros algorithm at lower depths in water medium with respect to depth for 6X and 10X flattening filter free](JMP-40-144-g012){#F11}

### Phantom 4 {#sec3-7}

The dose difference observed at 10 cm depth in air cavity with 6X FFF and 10X FFF beams were 1.5--1.7% and 0.7--1.6% respectively for field sizes 1 cm × 1 cm to 30 cm × 30 cm \[[Figure 12](#F12){ref-type="fig"}\].

![Dose difference in air cavity at 10 cm depth between Acuros and anisotropic analytical algorithm algorithms in 6X and 10X flattening filter free energies for different field sizes in solid water phantom](JMP-40-144-g013){#F12}

Discussion {#sec1-4}
==========

FFF mode is the new concept in radiation oncology to implement very precise therapies such as stereotactic radiosurgery, stereotactic radiotherapy, and SBRT. Dose calculations present challenges due to FFF beam unique characteristics. The outcomes from these four phantom studies have shown agreement with other studies, which reported that the Acuros XB is more accurate for dose calculations in heterogeneous media compared to the AAA.\[[@ref16]\] This study also observed that the difference in results between the AAA and Acuros increases with decreasing HU values in both 6X FFF and 10X FFF energies which are in line with the results of Rana *et al*. study.\[[@ref17]\] This is due to the consideration of lower attenuation of photon beams within the lower density and improper modeling of scattered radiation contribution in AAA.

Differences in dose calculations between Acuros XB and AAA algorithms were studied in a Catphan phantom for volumetric arc treatment delivery technique for a range of HU values that are clinically relevant. In our homogeneous phantom study with different field sizes in both energies found that the maximum dose variation observed was 1.3% at 1.5 cm depth for 20 cm × 20 cm field size. However our study showed that in case of heterogeneous phantom, the differences between Acuros XB calculated and AAA calculated doses were on the higher side which are in line with other reported results.\[[@ref16][@ref18][@ref19][@ref20][@ref21]\] Our study in air cavity located at depth 10 cm depth, the difference in dose observed between algorithms was 0.7% and 1.7% depending on the field size for both energies, are well matched with the results of few authors.\[[@ref22][@ref23]\] According to Rana *et al*. also this is +2% for 6 MV photon beam of small field size that passes through large air gap or cavity.\[[@ref24]\]

This work covered different kinds of phantoms, various kinds of inserts with different HU values using FFF beams and various treatment techniques including VMAT. Our future study and further verification of dose prediction accuracy of Acuros XB will be performed in different clinical situations.

Conclusion {#sec1-5}
==========

Increase in dose was observed with Acuros XB algorithm for both energies in almost all densities and decrease at few densities ranging from 282 to 643 HU values. Energy, field size and depth are also influenced the dose difference between two algorithms. In both 6X and 10X, D~max~ is at higher depths in Acuros compared to AAA. Maximum depth dose differences were observed in air medium for both energies. Large differences in calculated doses were observed between the two algorithms in the buildup region of 6X FFF beam while for 10X FFF beam, the observed differences were minimal. Dose at air cavity at higher depths were significant in 6X FFF compared to 10X FFF.
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